Understanding the molecular mechanisms of insulin resistance remains a major medical challenge of the twentyfirst century. Over the last half-century, many hypotheses have been proposed to explain insulin resistance, and, most recently, inflammation associated with alterations in adipocytokines has become the prevailing hypothesis. Here we discuss diacylglycerol-mediated insulin resistance as an alternative and unifying hypothesis to explain the most common forms of insulin resistance associated with obesity and type 2 diabetes mellitus, as well as lipodystrophy and aging.
Type 2 diabetes mellitus (T2DM) has reached epidemic proportions, currently affecting an estimated 285 million individuals worldwide. At present in the United States, T2DM affects 7% of the population, with associated health care costs exceeding $350 billion per year 1 . Although it is clear that beta cell dysfunction is the main factor responsible for the progression to hyperglycemia, insulin resistance predates beta cell dysfunction, and reversibility of insulin resistance delays and prevents the development of diabetes. So, understanding the pathogenesis of insulin resistance remains a major medical challenge.
At a physiological level, the liver and skeletal muscle are the two key insulin-responsive organs that are responsible for most of the glucose disposal after a meal. In vivo studies have shown that a defect in insulin-stimulated muscle glycogen synthesis 2 , due to a defect in insulin-stimulated muscle glucose transport 3, 4 , is crucial for insulin resistance in muscle. In the liver, defects in insulin-stimulated hepatic glycogen synthesis 5, 6 and increased rates of hepatic gluconeogenesis 5, 7 are the main factors that contribute to insulin resistance and fasting hyperglycemia.
Ever since Berson and Yalow found high, rather than low, plasma insulin concentrations in 'maturity-onset diabetes' 8 , many hypotheses have been proposed to explain insulin resistance. Most recently, inflammation in adipocytes associated with increased adipocytokines [9] [10] [11] , endoplasmic reticulum stress 12 , increased reactive oxygen species production 13 and genetic alterations in insulin signaling 14, 15 have become the prevailing explanations for insulin resistance associated with obesity and T2DM. Here we discuss recent evidence in support of the hypothesis that increases in intracellular diacylglycerol content, due to an imbalance between fatty acid delivery and intracellular fatty acid oxidation and storage, lead to activation of new protein kinase C (PKC) isoforms that in turn inhibit insulin action in liver and skeletal muscle.
Lipid-induced muscle insulin resistance
Obesity has long been associated with insulin resistance, suggesting a potential role of lipids in mediating this process. More than 50 years ago, Randle et al. [16] [17] [18] showed that fatty acids can induce insulin resistance in diaphragm and cardiac muscle in vitro. They hypothesized that increased fatty acid oxidation caused an increase in the intramitochondrial acetyl CoA/ CoA and NADH/NAD + ratios, with subsequent inhibition of pyruvate dehydrogenase activity, resulting in increased citrate concentrations that would, in turn, inhibit phosphofructokinase activity. This would lead to increased glucose-6-phosphate concentrations that would subsequently inhibit hexokinase II activity, resulting in increased intracellular glucose concentrations and decreased glucose transport. In contrast to this model, we have observed decreased intramyocellular glucose-6-phosphate and glucose concentrations in humans when plasma fatty acid concentrations are increased 19, 20 . These results showed that fatty acids induce insulin resistance in skeletal muscle, not by inhibition of pyruvate dehydrogenase activity [16] [17] [18] , but by directly inhibiting insulin-stimulated glucose transport activity. Moreover, fatty acid-induced insulin resistance in muscle can be attributed to a reduction in insulin-stimulated phosphatidylinositol-3 kinase (PI3K) 20 , and increasing plasma fatty acid concentrations can result in increased intramyocellular acyl CoAs and diacylglycerol content. In turn, these conditions would result in activation of PKC-θ 21, 22 and, ultimately, decreased insulin receptor substrate 1 (IRS-1)-associated PI3K activity (Fig. 1a) . Lipid infusion studies in humans 23 confirmed these findings, although PKC-βII and PKC-δ, rather than PKC-θ, were found to be the relevant PKC isoforms.
Genetic studies with transgenic and knockout mice [24] [25] [26] [27] [28] [29] have confirmed the above findings and have provided further insight into the mechanisms that link intracellular diacylglycerol concentration to insulin resistance. Of particular interest is the observation that acetyl CoA carboxylase-2 (Acc2) knockout in mice resulted in decreases in intramyocellular diacylglycerol content, PKC-θ activation and muscle insulin resistance 28 . Although a recent study using another Acc2 knockout mouse strain did not observe protection from fatinduced insulin resistance 30 , these workers did not measure intramyocellular diacylglcyerol content or PKC-θ activation. Although the reason for this discrepancy is unknown, the more recent work did not report intramyocellular diacylglycerol content or PKC-θ activation. Taken together, these findings suggest that solely inhibiting ACC2 without concomitant increases in mitochondrial uncoupling or some other process to decrease metabolic efficiency would not result in net reduction of intracellular diacylglycerol content and protection from fat-induced insulin resistance.
Lipid-induced liver insulin resistance
A similar mechanism for diacylglycerolinduced insulin resistance operates in the liver (Fig. 1b) . Short-term high-fat feeding of rats caused high hepatic diacylglycerol content, which is associated with PKC-ε activation and decreased IRS-2 tyrosine phosphorylation 31 . The key role of PKC-ε for fat-induced hepatic insulin resistance was demonstrated with antisense oligionucleotide-mediated knockdown of PKC-ε 32 . PKC-ε-specific antisense oligionucleotide-treated rats were protected from fat-induced hepatic insulin resistance despite similar levels of hepatic diacylglycerol and triacylglycerol content as the control antisense oligionucleotide-treated rats. Likewise, fructose feeding increased hepatic diacylglycerol content, PKC-ε activation and hepatic insulin resistance, which was prevented by knockdown of PGC-1β expression in liver 33 . This evidence supports the existence of distinct roles of PKC-θ and PKC-ε in fatinduced insulin resistance in skeletal muscle and liver, respectively. Inhibiting hepatic diacylglycerol synthesis by knocking out the gene encoding mitochondrial glycerol-3-phosphate acyltransferase protects mice from fat-induced hepatic insulin resistance 34 . Unexpectedly, knockdown of the gene encoding diacylglycerol O-acyltransferase-2 also lowers hepatocellular diacylglycerol content, owing to downregulation of sterol regulatory element-binding transcription factor-1 expression, decreased PKC-ε activation and protection from fat-induced hepatic insulin resistance 35 . Last, promoting increased fatty acid oxidation and mitochondrial uncoupling by knockdown of Acc1 and Acc2 or the use of 2,4-dinitrophenol resulted in reduced diacylglycerol content, decreased PKC-ε activation and protection from fat-induced hepatic insulin resistance 31, 36 . Conversely, decreased β-oxidation of long-chain acyl CoAs can result in insulin resistance by increasing the intracellular diacylglycerol content 37 .
Causes of increased diacylglycerol content
There are multiple pathological causes for high net intracellular diacylglycerol content in the liver and in skeletal muscle (Fig. 2) . The most common is overnutrition, which increases the rate of fatty acid delivery to these tissues, exceeding the rates of intracellular fat oxidation and triglyceride synthesis and storage. This causes a net increase in intramyocellular and intrahepatocellular lipid content, leading to liver and muscle insulin resistance 38 . Lipodystrophy, inherited 39 or acquired 40 , can also result in redistribution of fat into the liver and the skeletal muscle owing to a lack of peripheral adipocytes. Moreover, low rates of mitochondrial fatty acid oxidation in healthy, lean, insulin-resistant offspring of parents with T2DM 41, 42 and in healthy, lean, elderly individuals 43 are associated with increased intramyocellular lipid content and muscle insulin resistance.
Whether this reduced mitochondrial activity is a primary or secondary factor in the development of insulin resistance remains to be determined but, given the key role of intracellular diacylglycerols, reductions in mitochondrial fatty acid oxidation would certainly be expected to exacerbate diacylglycerol-induced muscle insulin resistance. These results suggest that increased intramyocellular diacylglycerol content may also be responsible for the insulin resistance caused by glucose toxicity associated with poorly controlled type 1 and 2 diabetes. Notably, high intramuscular diacylglycerol content resulting from reduced activity of diacylglycerol kinase-δ has also been associated with insulin resistance in patients with poorly controlled T2DM 44 . Last, a common gene vari- ant in apolipoprotein C-III (APOC3) results in increased plasma concentrations of APOC3, leading to inhibition of lipoprotein lipase activity and increased postprandial hypertriglyceridemia; thus, this variant predisposes carriers to nonalcoholic fatty liver disease and insulin resistance 45 .
Inflammation and insulin resistance
Obesity leads to the recruitment of macrophages to fat cells. The macrcophages subsequently produce cytokines, causing a low-grade inflammatory response 46, 47 . The mechanisms that lead to this proinflammatory state are still being investigated, but overnutrition undoubtedly has a role in elevating levels of circulating cytokines. Over the past decade, inflammation has become the prevailing view to explain insulin resistance associated with T2DM [9] [10] [11] 48 . However, several lines of evidence suggest that inflammation may not be the primary cause. First, as discussed above, young, lean, insulinresistant offspring of parents with T2DM 49 or healthy, lean, insulin-resistant elderly individuals 43 can manifest severe muscle insulin resistance, independent of any alterations in circulating adipocytokine concentrations.
Second, individuals with severe lipodystrophy have severe liver and muscle insulin resistance despite lacking visceral and subcutaneous fat and having low concentrations of circulating adipocytokines 39 . Leptin-replacement therapy reverses insulin resistance in these patients, and this improvement is associated with reductions in liver and intramyocellular lipid content 39 . Similar observations have been made in a mouse model of severe lipodystrophy in which liver and muscle insulin resistance were associated with increased hepatocellular and intramyocellular fatty acyl CoA content and reductions in insulin activation of IRS-1-associated and IRS-2-associated PI3K activity 50 . These changes were all reversed by transplanting fat from wild-type littermates into the lipodystrophic mice.
Last, moderate (approximately 8-kg) reductions in body weight normalized fasting hyperglycemia in obese patients with T2DM 51 . These changes were associated with reductions in hepatic triglyceride content but were independent of changes in circulating plasma concentrations of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), retinol-binding protein-4 and leptin 51 . TNF-α and IL-6 are often cited as crucial cytokines that modulate insulin resistance and signaling in T2DM. However, the roles of these cytokines remain uncertain 52, 53 . It is clear that the high concentrations of TNF-α that are observed in individuals affected by burns or cancer can result in insulin resistance, but the levels typically observed in people with T2DM is more characteristic of a lower-grade inflammation. Furthermore, antibodies targeted to neutralize TNF-α in individuals with T2DM do not reverse insulin resistance 54 .
In addition to what we have discussed so far, the diacylglycerol hypothesis might also explain the insulin-sensitization effects of thiazoladinediones 55, 56 and omega fatty acids 57 . By activating peroxisome proliferator-activated receptor-γ (PPAR-γ) in adipocytes, thiazoladinediones redistribute fat from the liver and muscle to the subcutaneous fat 55, 58 . This redistribution lowers intracellular diacylglycerol concentrations in the liver and in muscle and restores insulin sensitivity in these organs. This would explain the paradoxical improvement in insulin sensitivity that is often associated with weight gain in patients with T2DM who are treated with thiazoladinedione. In addition to activating PPAR-γ, omega fatty acids activate PPAR-α, promote peroxisomal and mitochondrial biogenesis and increase fatty acid oxidation.
Conclusion
Given the crucial role of insulin resistance in the pathogenesis of T2DM, understanding the molecular mechanism of insulin resistance is vital for the development of new therapies. Although diacylglycerol-induced insulin resistance and the inflammatory causes of insulin resistance are not mutually exclusive, they point to different sets of targets to reverse insulin resistance. Sorting out the relative roles of these pathways in the pathogenesis of liver and muscle insulin resistance is crucial for the development of new and more effective therapies for T2DM.
